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Objective: The phenomenon that cancer cells avidly exhibit glycolysis with lactate secre-

tion and decrease in mitochondrial activity under aerobic conditions is known historically as

the Warburg effect. Rho GTPase-activating protein 4 (ARHGAP4) is an important negative

regulator of the Rho signaling pathway that was associated with the tumorigenesis. Our study

aims to determine the function of ARHGAP4 in controlling the glycolytic process of

pancreatic cancer in vitro and possible molecular mechanism involved.

Methods: ARHGAP4 and PKM2 expressions in pancreatic cancer tissues were measured by

immunohistochemistry. Human pancreatic cancer cells transfected with ARHGAP4 expres-

sing lentivirus or siRNA were treated with either mTOR inhibitor (Rapamycin) or HIF-1α

inhibitor (YC-1), and the effects were analyzed on cell viability, glucose uptake, lactate

release, and the levels of ARHGAP4, p-mTOR, mTOR, PKM2, and HIF-1α expression.

Results: Our findings showed that ARHGAP4 and PKM2 expressions were, respectively,

down-regulated and up-regulated in pancreatic cancer tissues. Overexpression of ARHGAP4

significantly inhibited cell viability, glucose uptake, lactate release, PKM2 expression, and

activation of mTOR and HIF-1α signaling pathways in pancreatic cancer cells while

ARHGAP4 silencing and treatment of Rapamycin or YC-1 showed inverse effects.

Additionally, ARHGAP4 downregulation induced cell morphology of pancreatic cancer

was inhibited by Rapamycin or YC-1 treatment.

Conclusion: These findings suggest that mTOR and HIF-1α signaling pathways can

regulate the ARHGAP4-mediated glycolytic process of pancreatic cancer.
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Introduction
Pancreatic cancer is the leading cause of cancer-related deaths with a high risk of

malignancy and poor prognosis. Because of its difficulty in early diagnosis, it is

usually only detected in the late stages, and the 5-year survival rate for patients with

pancreatic cancer is less than 5%.1,2 At present, the treatment of pancreatic cancer

mainly includes surgical resection, chemotherapy, and radiotherapy. Radical resec-

tion can be performed in less than 20% of the patients who will also face the risk of

metastasis and recurrence3 while the other patients are only able to undergo

palliative radiotherapy and chemotherapy due to tumor local infiltration or distant

metastasis.4 Meanwhile, pancreatic cancer is not sensitive to current treatments,

which do not significantly prolong survival.5 It is therefore important to explore

new therapeutic methods to further improve the curative effect of pancreatic cancer.
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The rapid proliferation, invasion, and migration of

tumor cells are closely related to their unique energy

metabolism. Normal cells undergo glycolysis only under

hypoxic conditions while tumor cells prefer glycolysis

even under aerobic conditions, consuming large numbers

of glucose and leading to lactate secretion, a phenomenon

termed “the Warburg effect”,6,7 which is considered to be

a basal metabolic change in malignant transformation.8

This metabolic adaptation benefits cancer cells in surviv-

ing through hypoxic conditions, commonly found in

tumors, and to support their anabolic requirements,

which differs remarkably from normal cells, thus provid-

ing a new therapeutic window. PI3K signaling pathway

with mTOR as the core kinase plays a critical role in cell

metabolism, growth, and autophagy.9,10 Transcription fac-

tor HIF-1α as a downstream effector of mTOR signaling

regulates cell adaptability to hypoxia and promotes glyco-

lysis metabolism by regulating the production of various

proteins and enzymes.11 Inactivating mTOR signaling sup-

pressed the HIF-1α activity, resulting in suppression of

glycolytic metabolism in pancreatic cancer and colon can-

cer cells,12,13 suggesting that the function of mTOR and

HIF-1α may promote the glycolytic progress in cancer

tumorigenesis.

PKM2 is an isoenzyme of the glycolytic enzyme pyr-

uvate kinase. Increased PKM2 expression is required for

cancer cells undergo aerobic glycolysis, thus playing

a critical role in the regulation of cancer metabolism.14,15

Inhibition of the mTOR and HIF1α signaling pathways

induces impairment of glucose uptake and decreases

PKM2 expression, suppressing the glycolytic phenotype

in melanoma cells.16 Up-regulation of PKM2 expression

through PI3K/mTOR-mediated HIF1α induction enhances

aerobic glycolysis in cancer cells.17 We, therefore, figure

out the hypothesis that mTOR and HIF-1α signaling path-

ways positively regulate glycolytic phenotype in pancrea-

tic cancer. However, the regulation of mTOR and HIF-1α
signaling pathways remains unclear.

Rho GTPase-activating protein 4 (ARHGAP4) belongs

to the small GTPase family, which can hydrolyze the

active GTP into inactive GDP and negatively regulate

RhoA protein, therefore, being strongly associated with

the onset and progression of cancer. ARHGAP4 mediates

axon outgrowth and cell motility18 and is up-regulated in

colorectal cancer and correlated with metastasis, T/N

stage, and clinical stage.19 Except for our previous report

suggesting ARHGAP4 regulates the cell migration and

invasion of pancreatic cancer by the HDAC2/β-catenin

signaling pathway,20 the cellular functions of ARHGAP4

in pancreatic cancer still not fully understood. We for the

first time investigated the role of ARHGAP4 in regulating

pancreatic cancer metabolism and reported that mTOR and

HIF-1α signaling pathways modulated the weakened

effects of ARHGAP4 on aerobic glycolysis.

Materials and methods
Study subjects
The human pancreatic cancer and normal tissue microar-

rays used in this study were prepared by Shanghai Outdo

Biotech Co., Ltd. (Shanghai, China). The study was

approved by the Ethics Committee of Fudan University

Shanghai Cancer Center.

Bioinformatics
RNA-sequencing dataset of pancreatic cancer cohort was

obtained fromTheCancerGenomeAtlas (TCGA, https://tcga-

data.nci.nih.gov/tcga/). To identify the pathways that were

significantly enriched between ARHGAP4 high and low,

gene set enrichment analysis (GSEA) algorithm was used.21

Immunohistochemistry
Tissue slides (4–7 μm) were initial treatment for deparaffini-

zation, rehydration, and antigen-retrieval, followed by 3% H2

O2 incubation for 10 mins. Sections were incubated with anti-

ARHGAP4 (1:100; ab198696; Abcam, USA) or anti-PKM2

primary antibody (1:500; ab150377; Abcam), and then incu-

bated with horseradish peroxidase (HRP)-labeled IgG sec-

ondary antibody (Beyotime Institute of Biotechnology,

Shanghai, China). Fields from each slide were examined

and photographed under a light microscopy (×200).

Cell culture
Human pancreatic cancer cell lines PANC-1, BxPC-3, and

SW1990 were obtained from the American Type Culture

Collection (ATCC, Wesel, Germany). Cells were main-

tained in RPMI1640 (Hyclone, USA; for BxPC-3 cells)

or DMEM (high glucose; Hyclone; for SW1990 and

PANC-1 cells) containing 10% FBS, 100 U/mL penicillin

and 100 μg/mL streptomycin in an atmosphere of 5% CO2

and 95% air at 37°C.

Cell transfection
Three siRNAs targeting human ARHGAP4 (siRNA-1, posi-

tion 42–60, 5ʹ-GGCTGAGTATGAGACGCAA-3ʹ; siRNA-

2, position 48–66, 5ʹ-GTATGAGACGCAAGTCAAA-3ʹ;
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siRNA-3, position 1697–1715, 5ʹ-GCTGCATTCGCTTC-

ATCAA-3ʹ) were produced and transfected into the PANC-

1 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,

USA) in accordance with the manufacturer’s instruction. The

coding sequence of ARHGAP4 was synthesized and inte-

grated into pLVX-Puro lentivirus. To generate high-titer

lentivirus, the lentivirus encoding the target gene and the

pMD2G and psPAX2 packaging plasmids were cotrans-

fected into HEK 293T cells using Lipofectamine 2000.

Forty-eight hours after transfection, viral particles in cell

culture medium were collected and transduced SW1990

and BxPC-3cells. SW1990 and BxPC-3 cells with blank

pLVX-Puro lentivirus transduction and PANC-1 cells with

scramble siRNA (siNC) transfection were used as a negative

control.

Group
SW1990 and BxPC-3 cells were transduced with pLVX-

Puro-ARHGAP4 or blank pLVX-Puro. PANC-1 cells were

transfected with ARHGAP4 siRNA or siNC in the pre-

sence of either mTOR inhibitor (Rapamycin, 10 nM;

Selleck Chemicals, Houston, TX, USA) or HIF-1α inhibi-

tor (YC-1, 20 μM; Selleck Chemicals).

CCK-8 assay
PANC-1, SW1990, and BxPC-3 cells (3×103 cell/well) were

cultured in the 96-well plate and maintained at 37°C over-

night. After 0, 24, 48, and 72 hrs treatment, Cell Counting

Kit-8 (CCK-8) solution (10 μL) was added into each well as

the manufactory protocol for another 1 hr, and the cell viabi-

lity was determined using a microplate reader at OD450nm.

Flow cytometry analysis
BxPC-3, SW1990, and PANC-1 cells (5×105 cell/well)

were cultured in the six-well plate and maintained for

one day at 37°C. Forty-eight hours after treatment, cells

were cultured in RPMI1640 or DMEM for 3 hrs, and then

washed with Krebs-Ringer Bicarbonate Buffer containing

2% bovine serum albumin (BSA), followed by incubation

with RPMI1640 or DMEM containing 100 μM of

2-NBDG (Cayman Chemical, Ann Arbor, Michigan,

USA) for 45 mins. Glucose uptake in cells was measured

by flow cytometry (FACSCalibur, BD Biosciences, USA).

Metabolic assays
BxPC-3, SW1990, and PANC-1 cells (5×105 cell/well)

were grown in the six-well plate and maintained for

one day at 37°C. Forty-eight hours after treatment, lactate

release from the cells was determined by Lactic Acid

assay kit (Nanjing Jiancheng Bioengineering Institute,

China) following the manufacturer’s instruction.

Quantitative RT-PCR
Total RNA was extracted from the BxPC-3, SW1990, and

PANC-1 cells using TRIzol reagent (Life Technologies, Inc.,

Waltham, MA, USA). cDNA was synthesized using the

PrimeScript kit (Takara Biotechnology, Dalian, China) based

on the manufacturer’s protocol. The Quantitative RT-PCR

using SYBR green PCR master mix (Applied Biosystems,

Foster, CA, USA) was performed in an ABI 9700 real-time

PCR system (Applied Biosystem). The primers used for PCR

are as follows: ARHGAP4-F: 5ʹ-CTACAACCTGGCCGT-

GTGCTTC-3ʹ, ARHGAP4-R: 5ʹ-CTTCCAGCTCCGGCTC-

ATTGTC-3ʹ; HIF-1α-F: 5ʹ-CTGGCTACAATACTGCACA-

AAC-3ʹ, HIF-1α-R: 5ʹ-ATGCTACTGCAATGCAATGG-3ʹ;

PKM2-F: 5ʹ-AGCAAGAAGGGTGTGAAC-3ʹ, PKM2-R:

5ʹ-CGGATGAATGACGCAAAC-3ʹ; GAPDH-F: 5ʹ-AATC-

CCATCACCATCTTC-3ʹ, GAPDH-R: 5ʹ-AGGCTGTTGT

CATACTTC-3ʹ. The fold changes of ARHGAP4, HIF-1α,
and PKM2 mRNA were determined by the 2−ΔΔCT method.

Western blotting
Total protein was extracted from pancreatic cancer

tissues and cell lines by RIPA buffer (Solarbio,

Beijing, China) and separated by 10% SDS-PAGE

before being transferred onto a PVDF membrane

(Millipore, Bedford, MA, USA). The membrane was

then blocked with 5% BSA and probed using the pri-

mary antibodies against ARHGAP4 (Abcam), p-mTOR

(Cell Signaling Technology, Beverly, MA, USA),

mTOR (Cell Signaling Technology), PKM2 (Cell

Signaling Technology), HIF-1α (Abcam), and GAPDH

(Cell Signaling Technology). The detection was per-

formed using HRP-labeled secondary antibody

(Beyotime Institute of Biotechnology). GAPDH levels

are shown as loading controls.

Statistical analysis
All the results were represented as the mean ± SD. All

experiments were independently repeated thrice. Data

were performed by one-way ANOVA analysis followed

by Dunnett post-test, two-way ANOVA analysis followed

by Bonferroni post-test, and Student’s t-test using SPSS

version 23.0 (SPSS Inc., Chicago, IL, USA). The level of

statistical significance was set at P<0.05.
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Results
ARHGAP4 expression in pancreatic

cancer tissues
We first investigated ARHGAP4 protein expressions on

tissue microarrays by immunohistochemistry. It showed

that ARHGAP4 protein expressions in pancreatic cancer

tissues were markedly down-regulated (Figure 1A), and

50% (40/80) pancreatic cancer tissues displayed the negative

or lower expression of ARHGAP4 (less than 25% of the

tumor cells were positively stained) (Figure 1B). Western

blot and Real-time PCR analysis demonstrated PANC-1

cells with a higher ARHGAP4 expression when compared

with SW1990 and BxPC-3 cells (Figure 1C and D).

ARHGAP4 up-regulation inhibited the

cell viability
To investigate the function of ARHGAP4 in pancreatic

cancer, pLVX-Puro-ARHGAP4 lentivirus or blank pLVX-

Puro lentivirus (vector) was transduced into the SW1990

and BxPC-3 cells, and the cell viability was measured. As

shown in Figure 2A and B, pLVX-Puro-ARHGAP4 lenti-

virus transduction in BxPC-3 and SW1990 cells showed

1.74-fold and 1.50-fold increase in ARHGAP4 protein

expression, respectively, compared with vector groups.

Moreover, CCK-8 analysis demonstrated that 24, 48, and

72 hrs after pLVX-Puro-ARHGAP4 lentivirus transduction

resulted in 10.1%, 28.5%, and 33.8% decrease in cell

viability of BxPC-3 cells and in 7.6%, 23.4%, and 27.0%

decrease in cell viability of SW1990 cells, compared to the

vector groups (Figure 2C and D).

ARHGAP4 up-regulation inhibited

glucose uptake and lactate release
Active glucose uptake and more lactate production are

characteristics of elevated glycolysis and were therefore

measured in pancreatic cancer cells. Flow cytometry ana-

lysis revealed that pLVX-Puro-ARHGAP4 lentivirus trans-

duction significantly inhibited glucose uptake by 36.4%

and 36.2% in BxPC-3 and SW1990 cells, respectively,

compared with vector groups (Figure 3A, B, D, and E).
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Additionally, pLVX-Puro-ARHGAP4 lentivirus transduc-

tion also significantly inhibited lactate release by 52.2%

and 50.7% in BxPC-3 and SW1990 cells, respectively,

compared with vector groups (Figure 3C and F).

ARHGAP4 up-regulation inhibited mTOR

and HIF-1α signaling pathways
In view of the GSEA data that higher expressions of

ARHGAP4 were negatively correlated with mTOR and HIF

signaling pathways (Figure 4A), we then investigated possible

mechanisms by which ARHGAP4 inhibited glycolytic pro-

cess in pancreatic cancer. We found that pLVX-Puro-

ARHGAP4 lentivirus transduction in SW1990 and BxPC-3

cells showed the decrease in the expression of p-mTOR com-

pared with vector groups, but had no effect on that of mTOR

(Figure 4B and E). Moreover, it also resulted in the decreases

in the HIF-1α and PKM2 expressions in both SW1990 and

BxPC-3 cells, compared with vector groups (Figure 4C, D, F,

and G). These results suggest that ARHGAP4 is associated

with mTOR and HIF-1α signaling pathways.

Involvement of mTOR and HIF-1α signaling

pathways in the functions of ARHGAP4
To clarify the contribution of mTOR and HIF-1α signaling

pathways, PANC-1 cells, which displayed a relatively high

level of ARHGAP4, were transfected with ARHGAP4 siRNA

or siNC and treated with either mTOR inhibitor Rapamycin or

HIF-1α inhibitor YC-1. As shown in Figure 5A, siARHGAP4-
1, siARHGAP4-2, or siARHGAP4-3 transfection significantly

inhibited ARHGAP4 expression by 79.2%, 34.2%, and 24.6%

compared with siNC groups, respectively, and siARHGAP4-1

was therefore chosen for further experiments. siARHGAP4-1

transfection in PANC-1 cells significantly induced cell viabi-

lity (Figure 5B), glucose uptake, (Figure 5C and D), lactate

release (Figure 5E), PKM2 expression, and activation of

mTOR and HIF-1α signaling pathways (Figure 5F–H) while

Rapamycin or YC-1 had inverse effects. Additionally,

Rapamycin or YC-1 treatment attenuated the effects of

siARHGAP4-1 transfection in PANC-1 cells (Figure 5B–H).

These data suggest that mTOR and HIF-1α signaling path-

ways may be therefore potential downstream regulators of

ARHGAP4 in pancreatic cancer.

PKM2 expression in pancreatic cancer

tissues
We next determined PKM2 protein levels on tissue micro-

arrays using immunohistochemistry. It showed that PKM2

protein expressions were markedly up-regulated in pan-

creatic cancer tissues (Figure 6A), and 95% (76/80) pan-

creatic cancer tissues displayed a higher expression of

PKM2 (more than 25% of the tumor cells were positively

stained) (Figure 6B). These data further supported the

findings in pancreatic cancer cells.

Discussion
In recent years, the metabolic transformation of tumor cells

has attracted much attention due to its great potential as

a therapeutic target. It is necessary to screen for more nega-

tive effects of tumor suppressors on cancer metabolism.

Metabolic enzymes may be the focus of treatment since

they play an important role in regulating metabolic pathways

in cancer cells. In this study, we investigated the role of

ARHGAP4 in the regulation of aerobic glycolysis in pan-

creatic cancer cells and the underlying mechanism involved.

We provided three pancreatic cancer cell lines to support

a crucial role for ARHGAP4 in regulating aerobic glycolysis

by the silenced ARHGAP4 and overexpressed ARHGAP4.

In pancreatic cancer tissues, ARHGAP4 expression was

decreased while PKM2 expression was increased.

Overexpression of ARHGAP4 inhibited cell viability, glu-

cose uptake, lactate release, and expression of p-mTOR,

HIF-1α, and PKM2. However, ARHGAP4 silencing demon-

strated an opposite effect, which was reversed by inactivation

of mTOR and HIF-1α signaling pathways.

Rho GTPase-activating protein (ARHGAP) family of

genes is associated with cancer because their genetic

changes cause carcinogenesis through the dysregulation of

Rho/Rac/Cdc42-like GTPases.22 Results presented here

unravel decreased ARHGAP4 protein expression in tissues

of pancreatic cancer, and overexpression of ARHGAP4

inhibited cell viability while silence of ARHGAP4 promoted

it, suggesting its important role in the development of pan-

creatic cancer. ARHGAP6 overexpression inhibited cell pro-

liferation and induced cell cycle arrest and cell apoptosis in

cervical carcinoma.23 Lower ARHGAP24 expression was

found in renal cell carcinoma tissues, promoted cell growth,

and inhibited cell apoptosis.24 However, their effects on

cancer metabolism remained un-elucidated.

Abnormal glucose metabolism is an important feature

of tumor cells, which is different from normal cells.

Warburg effect is considered to be the underlying meta-

bolic change in malignant transformation,25 and the

enhancement of glycolysis in tumor cells is the main

way to generate ATP as energy metabolism and has gra-

dually become an important point for cancer diagnosis and
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treatment.26 RhoA deficiency prevented the development

of allergic airway inflammation, impaired TH2 cell differ-

entiation, and diminished glycolysis in activated T cells.27

Given the function of ARHGAPs in regulating RhoA, we

hypothesize that ARHGAP4 may also involve in the

development of pancreatic cancer through regulating aero-

bic glycolysis. Overexpression of ARHGAP4 significantly

inhibited the aerobic glycolysis, evidenced by the

decreases in glucose uptake and lactate release while

silence of ARHGAP4 promoted it. Some of the previous
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Figure 4 ARHGAP4 up-regulation inhibited mTOR and HIF-1α signaling pathways in BxPC-3 and SW1990 cells. (A) GSEA demonstrated the genes of mTOR and HIF

signaling pathways were more correlated with patients with ARHGAP4 low vs ARHGAP4 high. NES, normalized enrichment score. BxPC-3 and SW1990 cells were

transduced with pLVX-Puro-ARHGAP4 lentivirus or blank lentivirus (vector), and the p-mTOR, mTOR, HIF-1α, and PKM2 expressions were measured by Western blot (B,
D, E, G) and Real-time PCR (C, F). ***P<0.001 compared with vector.
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Figure 5 ARHGAP4 downregulation induced cell viability, glucose uptake, and lactate release through mTOR and HIF-1α signaling pathways in PANC-1 cells. PANC-1 cells were

transfected with three siRNAs targeting humanARHGAP4 or scramble siRNA (siNC), and the ARHGAP4 expression was measured byWestern blot (A). Cell viability (B), glucose
uptake (C, D), lactic acid production (E) and protein levels of p-mTOR, mTOR, HIF-1α, and PKM2 (F–H) in PANC-1 cells with siRNA-1 or siNC transfection were determined in

the presence of either mTOR inhibitor (Rapamycin, 10 nM) or HIF-1α inhibitor (YC-1, 20 μM). ***P<0.001 compared with siNC. ###P<0.001 compared with siARHGAP4.

Figure 6 PKM2 expression in pancreatic cancer tissues. Immunohistochemical analysis (A, B) was performed to examine the expression of PKM2 on tissue microarrays

containing pancreatic cancer tissues (n=80) and adjacent-normal pancreatic tissues (n=70). Scale bars: 100 μm.
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evidences for the correlation between aerobic glycolysis

and oncogenes are the stimulation of lactate release and

glucose uptake.28 High glucose uptake and lactate produc-

tion were observed in cancer cells with curcumin treat-

ment, showing decreased Warburg effect.7

Considering the GSEA data that ARHGAP4 was corre-

lated with mTOR and HIF signaling pathways, which have

been found to be associated with cell growth and aerobic

glycolysis,7,29 we further investigated the underlying

mechanism in the content of mTOR and HIF signaling path-

ways. Overexpression of ARHGAP4 significantly inhibited

PKM2, HIF-1α, and p-mTOR expression while the silence of

ARHGAP4 promoted it. Importantly, mTOR inhibitor

Rapamycin and HIF-1α inhibitor YC-1 significantly inhib-

ited glucose uptake and lactate release as well as PKM2,

HIF-1α, and p-mTOR expressions induced by ARHGAP4

silencing, suggesting that ARHGAP4 inhibits aerobic glyco-

lysis through inactivation of mTOR and HIF-1α signaling

pathways. mTOR has been recently found to promote tumor

growth and mediate cancer cell aerobic glycolysis by up-

regulating PKM2,7,30 which functions as a transcriptional

coactivator to promote aerobic glycolysis and proliferation

in cancer.31 Hyperactivation of HIF-1α by modulating

mTOR signaling activates the expression of PKM27 and is

accompanied by the increase in aerobic glycolysis in tamox-

ifen-resistant breast cancer.29 The modulation of mTOR on

the levels of HIF-1α and PKM2 underlines the important role

of mTOR signaling in the regulation of cancer metabolism.

PKM2 was highly expressed in tissues of pancreatic

cancer,32 and its downregulation suppressed the migration,

proliferation, and glycolytic activities of pancreatic ductal

adenocarcinoma,33 suggesting the involvement of PKM2 in

pancreatic cancer. Our data also demonstrated the increased

PKM2 expression in pancreatic cancer tissues; however, its

role in regulation of ARHGAP4 mediated aerobic glycolysis

needs to be further confirmed.

Conclusion
In conclusion, we revealed that ARHGAP4 was expressed

lowly while PKM2 was expressed highly in pancreatic

cancer tissues, and ARHGAP4 regulated cell viability and

aerobic glycolysis in pancreatic cancer through mTOR and

HIF-1α signaling pathways. Our work could help to inspire

research for targeted therapies against pancreatic cancer.
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